Neuropilin-1 (NRP1) functions as a coreceptor through interaction with plexin A1 or vascular endothelial growth factor (VEGF) receptor during neuronal development and angiogenesis. NRP1 potentiates the signaling pathways stimulated by semaphorin 3A and VEGF-A in neuronal and endothelial cells, respectively. In this study, we investigate the role of tumor cell-expressed NRP1 in glioma progression. Analyses of human glioma specimens (WHO grade I-IV tumors) revealed a significant correlation of NRP1 expression with glioma progression. In tumor xenografts, overexpression of NRP1 by U87MG gliomas strongly promoted tumor growth and angiogenesis. Overexpression of NRP1 by U87MG cells stimulated cell survival through the enhancement of autocrine hepatocyte growth factor/scatter factor (HGF/SF)/c-Met signaling. NRP1 not only potentiated the activity of endogenous HGF/SF on glioma cell survival but also enhanced HGF/SF-promoted cell proliferation. Inhibition of HGF/SF, c-Met and NRP1 abrogated NRP1-potentiated autocrine HGF/SF stimulation. Furthermore, increased phosphorylation of c-Met correlated with glioma progression in human glioma biopsies in which NRP1 is upregulated and in U87MG NRP1-overexpressing tumors. Together, these data suggest that tumor cell-expressed NRP1 promotes glioma progression through potentiating the activity of the HGF/Introduction Neuropilin-1 (NRP1) is a type I cell surface co-receptor that plays important roles in the development of the nervous system and angiogenesis (Bagri and TessierLavigne, 2002) . During neuronal development, NRP1-mediated signal transduction requires the formation of a functional semaphorin (Sema) 3A-NRP1-plexin A1 complex, which inhibits axonal guidance signals to the projecting neurons (Bagri and Tessier-Lavigne, 2002) . In endothelial cells, NRP1 enhances the interaction of heparin-binding vascular endothelial growth factor (VEGF) 165 with its receptors (VEGFRs) and modulates VEGF-stimulated angiogenesis. Elevated expression of NRP1 was also found in tumor cells in various types of human cancers (Klagsbrun et al., 2002) . Overexpression of NRP1 in prostate and colon cancer cells enhances angiogenesis and tumor growth in animals Parikh et al., 2004) , whereas expression of an antagonist of NRP1 inhibited vessel growth and tumor expansion (Gagnon et al., 2000) .
Hepatocyte growth factor/scatter factor (HGF/SF) modulates various cellular functions such as proliferation, migration and morphogenesis through its cognate surface receptor c-Met (Gao and Vande Woude, 2005) . Activation of the HGF/SF/c-Met signaling pathway correlates with the malignancy of human gliomas (Abounader and Laterra, 2005) . Overexpression of HGF/SF in glioma cells resulted in enhanced tumorigenicity and growth in vivo (Laterra et al., 1997) . Inhibition of endogenous HGF/SF and c-Met in human cancer cells, including gliomas, reversed their malignant phenotype (Abounader et al., 2002) . Additionally, the activation of signaling molecules such as extracellular signal-regulated kinase (ERK) and Bcl-2 antagonist of cell death (Bad) is involved in the HGF/SF/c-Met pathway in cancer cells (Abounader and Laterra, 2005) . NRP1 was recently demonstrated to interact directly with a subset of heparin-binding growth factors, such as fibroblast growth factor-2 (FGF-2), FGF-4 and HGF/SF and potentiates FGF-2 stimulation of endothelial cells (West et al., 2005) , suggesting that NRP1 expression in glioma cells may augment HGF/SF/c-Met stimulation of tumor progression through an autocrine loop.
In this study, we investigated the roles of tumor cellexpressed NRP1 in human glioma progression. We show that upregulated NRP1 is primarily expressed in tumor cells, and NRP1 expression correlates with tumor progression in clinical glioma specimens. We demonstrate that NRP1 expression promotes glioma growth and survival in vitro and in vivo through an autocrine HGF/SF/c-Met signaling pathway involving activation of c-Met, ERK and Bad, thus suggesting a novel mechanism of NRP1 expression in promoting cancer cell survival and proliferation.
Results
Upregulation of NRP1 is correlated with the malignancy of human astrocytic tumors To determine the association of NRP1 expression with glioma progression, we performed immunohistochemistry (IHC) analyses on a total of 92 human glioma specimens and four normal human brain biopsies using three well-characterized anti-NRP1 antibodies (Ding et al., 2000) and isotype matched IgGs as negative controls that all showed no staining (see the insets in Figure 1A ). As shown in Figure 1Aa , in all four normal brain tissues analysed, weak immunoactivity for the anti-NRP1 antibody was detected in neurons (red arrow) or cells within a blood vessel (arrowhead). In four pilocytic astrocytoma specimens (P.A., WHO grade I), NRP1 was weakly stained in a few tumor cells (Figure 1Ab , arrows) and vessels (panel b, arrowhead) . In 24 WHO grade II gliomas, NRP1 protein was detected in tumor cells (panel c, arrows) and vessels (panel c, arrowhead) . In 21 WHO grade III glioma biopsies, a greater intensity of NRP1 staining was detected in tumor cells (Figure 1Ad , arrows). In 43 WHO grade IV glioblastoma multiforme (GBM) specimens, high expression of NRP1 was found in tumor cells (Figure 1Ae, arrows) . In general, no increase in staining for NRP1 protein was found in hypoxic/ pseudopalisading regions, but heterogeneous staining for NRP1 expression was seen within the gliomas. As summarized in Figure 1B and Supplementary Table S1 (Supplementary Material), statistical analyses of our IHC data revealed a significant correlation between NRP1 expression and human glioma progression. There was a significant difference in IHC staining for NRP1 among the three groups as well as a correlation between NRP1 expression and the malignancy of human glioma ( Figure 1B ).
Overexpression of NRP1 in U87MG xenografts promotes tumor growth and angiogenesis in vivo To further investigate whether upregulation of NRP1 by glioma cells promotes tumor progression, we first examined expression of NRP1 in human glioma cell lines by immunoblot (IB) analyses. As shown in Figure 2a , NRP1 protein was detected at various levels in all glioma cell lines examined. As U87MG cells express NRP1 at a relatively low level and are highly tumorigenic in mice (Hu et al., 2003) , we utilized this cell line to stably overexpress NRP1. Among various U87MG cell clones that stably express NRP1, we chose two cell clones, U87MG/NRP1-no. 1 and U87MG/NRP1-no. 8, that expressed exogenous NRP1 at medium (NRP1-no. 1) or high levels (NRP1-no. 8) compared with U87MG (Figure 2b) or LacZ (see below) cells for further studies. Next, we separately implanted U87MG and NRP1 cells into the flank or the brain of nude mice. On the 26th day post-implantation, inoculation of NRP1 cells into the flank resulted in formation of tumors with an average volume of 12057307 mm 3 , whereas mice that received U87MG or LacZ cells (Guo et al., 2001) Figure 3E ). We found that NRP1 intracranial tumors had a 2.5-fold increase in vessel density ( Figure 3D ) and a 2.6-fold increase in BrdUrd incorporation in the tumor cells when compared with U87MG tumors ( Figure 3F ).
NRP1 promotes U87MG cell growth through enhancing autocrine HGF/SF/c-Met signaling Our results show that overexpression of NRP1 by glioma cells enhances tumor cell proliferation in vivo, which could possibly be due to NPR1-modulated autocrine intracellular signaling stimulation in glioma cells or caused indirectly by an increase in angiogenesis. To distinguish these possibilities, we performed a trypan blue vital dye exclusion assay. NRP1 overexpression did not significantly affect NRP1 cell growth compared with U87MG or LacZ cells when cultured in medium containing 10% fetal bovine serum (FBS) (data not shown). However, as shown in Figure 4A , in the absence of serum, NRP1 cells showed a 1.8-fold increase in cell survival, whereas U87MG or LacZ cells demonstrated a slight decrease of cell survival in a 4-day culture, suggesting that autocrine signaling through NRP1 promotes cell survival in these glioma cells.
A recent study demonstrated NRP1 also interacts with several heparin-binding growth factors, such as FGF-2, FGF-4 and HGF/SF, and potentiates the growth stimulatory activity of FGF-2 on endothelial cells (West et al., 2005) . As HGF/SF and FGF-2 were shown to stimulate cell growth through receptormediated autocrine signaling in glioma cells (Abounader and Laterra, 2005) , we performed enzyme-linked immunosorbent assay (ELISA) and determined whether the autocrine signaling activities of these growth factors were involved in the NRP1-stimulated U87MG cell survival and growth. In a 48-h cell culture, U87MG, LacZ and NRP1 cells secreted VEGF (3073.6 ng/ml/10 6 cells), FGF-2 (1472.1 pg/ml/10 6 cells) and HGF/SF (400745 pg/ml/10 6 cells) into serum-free medium at similar levels. A neutralizing anti-HGF/SF antibody abolished the effect of NRP1-enhanced U87MG cell survival, whereas neutralizing anti-FGF-2 and anti-VEGF antibodies had little or no effect on cell survival of U87MG and NRP1 cells ( Figure 4B ).
To investigate whether the HGF/SF/c-Met signaling pathway mediates NRP1 stimulation of glioma cells, we examined the expression and tyrosine phosphorylation 
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*Kruskal-Wallis test between Normal+Grade I vs Grade II vs Grade III+IV showed significant difference with p < 0.00001. Differences between each group were then examined by Scheffe's post-hoc test and each p-value were indicated in the table.
n, number of specimens. Score, intensity of IHC staining in the clinical specimens by an ant-NRP1-antibody and is defined as described in the Materials and Method section. Figure 4C , in the absence of serum, expression of endogenous c-Met was not enhanced by NRP1 overexpression, but tyrosine phosphorylation of c-Met was stimulated in NRP1 but not U87MG or LacZ cells. When the HGF/SF neutralizing antibody was included in the cell culture, the NRP1-induced phosphorylation of c-Met was diminished. As U87MG, LacZ and NRP1 cells secrete low levels of endogenous HGF/SF in the serum-free CM (400745 pg/ml/10 6 cells) and no inhibitory effect of the neutralizing anti-HGF/SF on U87MG parental cell survival ( Figure 4B ) was seen, we reasoned that the HGF/SF/c-Met autocrine signaling pathway was not activated due to low levels of the endogenous HGF/SF in U87MG or LacZ cells. Furthermore, NRP1 overexpression in U87MG cells potentiated HGF/SF/c-Met autocrine signaling by activating a downstream target, Bad, an antiapoptotic molecule (Abounader and Laterra, 2005) (Figure 4C ). Phosphorylation of Bad at Ser-112 was induced by NRP1 overexpression, but only a slight enhancement occurred on the constitutively phosphorylated Ser-136 of Bad. Additionally, a 4-day culture in serum-free medium did not alter the expression levels of NRP1 in U87MG, LacZ or NRP1-expressing cells ( Figure 4D ).
Although U87MG cells are deficient in plexin A1 and VEGFR-2, Sema 3A, a cognate ligand for NRP1, is expressed in U87MG cells (Rieger et al., 2003) . Thus, we tested a specific knockdown of Sema 3A by siRNA to examine the effects of endogenous Sema 3A on NRP1-enhanced U87MG cell growth. As shown in Figure 4E , endogenous c-Met (panel a) and Sema 3A (panel b) were considerably suppressed compared with the control siRNA-transfected cells. Reduced expression of c-Met, but not Sema 3A, in NRP1 cells significantly abolished the NRP1-enhanced U87MG cell survival ( Figure 4F ).
NRP1 potentiates glioma cell proliferation in response to exogenous HGF/SF
We assessed whether NRP1 overexpression could potentiate stimulation of glioma cell proliferation by exogenous HGF/SF using a BrdUrd incorporation assay. As shown in Figure 5A , in the absence of recombinant human (rh) HGF/SF, the basal level of BrdUrd incorporation in NRP1-no. 1 and -no. 8 cells was similar to that in U87MG and LacZ cells. When cells were treated with 5 or 10 ng/ml of rhHGF/SF, a significant increase in BrdUrd incorporation was found in NRP1-no. 1 and -no. 8 cells compared with U87MG and LacZ cells, whereas stimulation by 25 ng/ml rhHGF/SF markedly enhanced BrdUrd incorporation in U87MG and LacZ cells. Further increases of rhHGF/ SF (50 or 75 ng/ml) had no further augmentation of BrdUrd incorporation in U87MG, LacZ and NRP1 cells. Also, NRP1-potentiated cell proliferation was proportional to the level of exogenous NRP1 expression in the glioma cells when comparing the BrdUrd incorporation level in NRP1-no. 8 cells (higher level of exogenous NRP1) to NRP1-no. 1 cells (lower level of NRP1 expression, Figure 2b) .
Next, we assessed the activation of c-Met and two of its downstream effectors, ERK and Bad. As shown in Figure 5B , when cells were treated with 10 ng/ml rhHGF/SF for 20 or 40 min, phosphorylation of ERK1/2 and Bad at Ser-112 was evident in NRP1-expressing cells but not in LacZ cells. Moreover, treatment with 25 mmol/l U0126, a specific inhibitor for ERK, inhibited HGF/SF-stimulated phosphorylation of ERK and Bad as well as BrdUrd incorporation in NRP1 cells but not in LacZ cells (Figure 5Ca and b) . To a similar extent, suppression of Bad protein expression in these cells by a specific siRNA (Figure 5Da ) also significantly attenuated HGF/SF-stimulated BrdUrd incorporation in NRP1 cells but had no effect on LacZ cells or untreated cells (Figure 5Db) .
To further confirm the critical role of NRP1 expression on potentiation of HGF/SF/c-Met signaling, we determined the effects of endogenous NRP1 on cell growth in LNZ-308 glioma cells, as LNZ-308 cells express endogenous NRP1 at high levels ( Figure 2a ) and no endogenous HGF/SF protein was detected by ELISA in serum-free CM (data not shown). As shown in Figure 6a , three individual siRNAs for NRP1 (N1, N2 and N3) suppressed endogenous NRP1 protein at various levels in LNZ-308 cells, whereas a pool of these three siRNAs for NRP1 (N1:N2:N3 ¼ 1:1:1) considerably suppressed endogenous NRP1 protein.
When control siRNA-transfected LNZ-308 cells were stimulated with rhHGF/SF, BrdUrd incorporation increased by 1.6-fold in response to 10 ng/ml of rhHGF/SF and reached a peak when 20 ng/ml HGF/ SF was used (Figure 6b ). Stimulation by HGF/SF on LNZ-308 cells at higher concentrations (60 and 80 ng/ml) had no further effect (Figure 6b) . Importantly, when endogenous NRP1 expression was inhibited using siRNA, HGF/SF-stimulated BrdUrd incorporation at low concentrations (10 and 20 ng/ml) was significantly attenuated. Neuropilin-1 promotes human glioma progression B Hu et al
Next, we examined activation of the HGF/SF/c-Met signaling pathway in various siRNA-transfected LNZ-308 cells in response to HGF/SF stimulation. As shown in Figure 6c , HGF/SF stimulation at 10, 25 and 50 ng/ ml induces phosphorylation of c-Met, Erk1/2 and Bad. When NRP1 expression was suppressed using siRNA, the activation by HGF/SF at 10 and 25 ng/ml on c-Met, ERK1/2 and Bad was diminished. No inhibitory effect on HGF/SF stimulation was seen when NRP1 siRNAtransfected LNZ-308 cells were treated with 50 ng/ml HGF/SF.
NRP1 enhances HGF/SF/Met signaling in human glioma
Next, we sought to determine whether activation of c-Met also occurred in NRP1-expressing tumors in vivo. We extracted tissue lysates from U87MG and NRP1 tumors and performed IB analysis. As shown in Figure 7a , NRP1 overexpression did not increase c-Met expression in the NRP1 tumors. However, increased phosphorylation of c-Met was detected in the tissue lysates of NRP1 tumors compared with the parental tumors established at subcutaneous and orthotopic sites. Finally, we examined whether increased expression of NRP1 and c-Met phosphorylation correlates with glioma progression in 14 primary human glioma tissue samples by IB analyses. As shown in Figure 7b , c-Met was detected at various levels in all of the glioma tissues, whereas upregulation of NRP1 expression was seen primarily in high-grade tumors (grades III and IV). Importantly, c-Met phosphorylation was also increased in high-grade gliomas, mostly in grade IV GBM specimens, correlating with the expression profile of NRP1 in these clinical samples. Neuropilin-1 promotes human glioma progression B Hu et al
Discussion
The role of NRP1 in human tumor progression has been studied in various cancer model systems. Upregulation of NRP1 was found not only in endothelia but also in tumor cells in various types of primary human cancer specimens (Ding et al., 2000; Akagi et al., 2003) . Overexpression of NRP1 in tumor cells has been shown to promote tumor growth and angiogenesis in xenograft models and cell survival in cancer cells. In these reports, NRP1 stimulation of tumor progression was primarily attributed to VEGF-dependent pathways Bachelder et al., 2003) . This study provides new evidence that glioma cell-expressed NRP1 promotes tumor progression through potentiating the HGF/SF/ c-Met signaling pathway. We show in primary human (Wey et al., 2005) . A plausible mechanism of NRP1 stimulation of tumor progression in our study and the pancreatic cancer model is that NRP1 enhances endogenous signaling modulating tumor cell function independent of VEGF. Our results of NRP1 potentiation of the HGF/SF/c-Met signaling pathway in glioma cells agree with another recent study showing that that NRP1 not only interacts directly with multiple heparin-binding growth factors, such as FGF-2, FGF-4 and HGF/SF, but also potentiates stimulation of FGF-2 on endothelial cells (West et al., 2005) . In addition, the increased sensitivity to HGF/ SF/c-Met signaling by endogenously expressed NRP1 in glioma cells is analogous to the increase in sensitivity to FGF-2 caused by the addition of a soluble NRP1 dimer to endothelial cells in the aforementioned study. Expression of NRP1 in various cell types may sensitize the cells to their microenvironments, thereby potentiating the corresponding intracellular signaling critical for cellular function.
Increased expression of NRP1 has been detected in tumor cells in clinical glioma samples, suggesting a link between NRP1 expression and glioma malignancy (Ding et al., 2000) . Our results further elaborate on these observations. By analysing a total of 92 primary human Neuropilin-1 promotes human glioma progression B Hu et al glioma specimens, we show that upregulation of NRP1 in tumor cells correlates with glioma progression. In U87MG tumor xenografts, overexpression of NRP1 markedly stimulated angiogenesis at both anatomic sites (Figure 3 ). Significant stimulation of vessel growth by tumor cell-expressed NRP1 in our U87MG xenografts and in prostate and colon cancer models led to a hypothesis that tumor cell-expressed NRP1 stimulates vessel growth through a juxtacrine mechanism that forms a complex of NRP1 (in tumor cells), VEGF within the tumor microenvironment (intercellular) and VEGFR-2 (in endothelial cells), thus potentiating VEGF activity that enhances angiogenesis and tumor growth (Klagsbrun et al., 2002) . However, it is difficult to dissect the NRP1-stimulated juxtacrine signaling in harvested tumor tissues. Nonetheless, these data and the aforementioned studies suggest a far wider spectrum of activity of NRP1 in promoting tumor progression than is currently appreciated. In summary, this study provides a novel mechanism that expression of NRP1 in human glioma cells promotes glioma progression through potentiating the activity of HGF/SF/c-Met autocrine pathways. Upregulation of NRP1 in tumor cells correlates with the activation of HGF/SF/c-Met pathways in both primary glioma specimens and xenograft gliomas, and inhibition of endogenous c-Met or NRP1 attenuates NRP1-enhanced HGF/SF/c-Met signaling. In addition, our data demonstrating NRP1 expression patterns in primary human glioma specimens and significant enhancement of tumor angiogenesis in glioma xenografts suggest that tumor cell-derived NRP1 stimulates vessel growth in a juxtacrine manner. These pathways appear to act in concert in promoting glioma growth and angiogenesis. Thus, our studies demonstrate a necessity for simultaneously targeting NRP1/VEGF and HGF/SF/c-Met signaling pathways in the treatment of human gliomas.
Materials and methods

Cell lines and their cultures
Human glioma cell lines U87MG, U118MG and T98G were obtained from the American Type Culture Collection (Manassas, VA, USA). Human glioma cell lines U251MG, U373MG, LNZ-308, LN229 and LN319 were from our collection. The transformed normal human astrocytes that form WHO grade III-like glioma in the murine brain (NHA/ETR) were from Dr R Pieper. Human umbilical endothelial cells (HUVEC) were from Cambrex (Rockland, ME, USA). The cells were cultured as described previously (Guo et al., 2001) .
siRNA transient transfection siRNAs were synthesized by Dharmacon Inc. (Lafayette, CO, USA). The sequences of siRNA for target genes were Met, 5 0 -GTGCAGTATCCTCTGACAG-3 0 ; Sema 3A, 5 0 -AAAGTTC ATTAGTGCCCACCT-3 0 and NRP1 N1, 5 0 -GAGAGGTCC TGAATGTTCC-3 0 , N2, 5 0 -AAGCTCTGGGCATGGAATC AG-3 0 , and N3, 5 0 -AAAGCCCCGGGTACCTTACAT-3 0 ; and Bad, Signal Silence Bad siRNA kit (Cell Signaling, Beverly, MA, USA). Cells were transfected with 120 nM of the indicated siRNA or a control siRNA (Invitrogen) using the Oligofectamine reagent (Invitrogen Inc., Carlsbad, CA, USA). After 24 h, siRNAs were removed and the cells were maintained in medium containing 10% FBS for an additional 48 h. The inhibition of protein expression was assessed by IB analysis.
Other methods
Reagents, antibodies, analyses of primary human glioma specimens, IHC, statistics, glioma xenograft models, immunoprecipitation (IP), IB, in vivo BrdUrd labeling, generation of U87MG NRP1-expressing cell lines and cell survival and proliferation assays are described in the Supplementary Information.
